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Dipeptidyl peptidase IV (DPPIV) is a type I1 mem- 
brane glycoprotein that  is predominantly localized to 
the apical plasma membrane  in  various  epithelial cells. 
In  order to  understand  in more detail  the biogenesis 
and  sorting of DPPIV, the cDNA for rat DPPIV  was 
inserted  into a mammalian plasmid expression  vector 
so that DPPIV expression was driven by a control 
region composed of the SV40 early promoter region 
fused to  the  enhancer of the Rous sarcoma  virus. Ma- 
din-Darby canine kidney cells transfected with this 
construct  were found to  express  the DPPIV protein.  In 
these transfected cells, the majority of DPPIV was 
present on the apical cell surface. This observation 
suggests that  the information for apical  surface local- 
ization  is  inherent in the  DPPIV molecule itself and 
that this sorting information is decipherable in the 
epithelial cells of a different species. DPPIV is trans- 
ported efficiently from  the endoplasmic reticulum  to 
the Golgi apparatus as assessed by pulse-chase exper- 
iments. Furthermore, evidence is presented which sug- 
gests that  the majority of DPPIV is  sorted  intracellu- 
larly to the  apical cell surface.  The  same  protein  has, 
however, been reported to be sorted by an indirect 
pathway  through  transcytosis  from  the  basolateral  to 
the apical cell surface  in hepatocytes (Bartles, J. R., 
Feracci, H., M., Stinger, B., and  Hubbard, A. L. (1987) 
J. Cell Biol. 105,1241-1251). This  study  suggests hat 
the same protein  can take two  different  pathways  in 
different cell types  for its  correct apical cell surface 
localization. 
The plasma membrane of polarized epithelial cells is differ- 
entiated  into morphologically and functionally distinct apical 
and basolateral domains that  are separated by diffusion bar- 
riers called tight  junctions.  For example, the apical cell surface 
of intestinal epithelial cells faces the external milieu and is 
involved mainly in the digestion of food and  uptake of nu- 
trients  and water; whereas the basolateral cell surface, facing 
the  internal milieu (mainly the blood circulation),  interacts 
with circulating hormones and  other biologically important 
ligands to regulate the cell structure  and function as well as 
in secreting proteins  into the blood. This plasma membrane 
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differentiation of epithelial cells is, to a large extent, due to 
the presence of distinct proteins in each of the membrane 
domains  (Hubbard et al. 1989; Matlin, 1986; Rodriguez-Bou- 
lan  and Nelson, 1989; Simons and Fuller, 1985; Simons and 
Wandinger-Ness, 1990). These membrane proteins  are syn- 
thesized in  the endoplasmic reticulum (ER)’ and  transported 
to  the cell surface via the Golgi apparatus. The cell, therefore, 
must deliver these  proteins to  the distinct membrane domain 
by some sorting mechanism. On the other  hand,  these domain- 
specific proteins may possess distinct sorting information 
which interacts with the cellular sorting machinery to direct 
them to the proper membrane domain. Understanding the 
cellular sorting pathway and  the sorting information of the 
domain-specific membrane proteins is thus of significance 
and  interest. 
Studies performed on cultured epithelial MDCK cells have 
given great insight into the sorting pathway for domain- 
specific membrane proteins.  Early  studies using virus-infected 
MDCK cells showed that  the enveloped viruses like the vesic- 
ular  stomatitis virus and influenza virus, bud predominantly 
from the basolateral and apical cell surface, respectively (Rod- 
riguez-Boulan and Sabatini, 1978). This asymmetric virus 
budding was preceded by the preferential accumulation of the 
corresponding envelope glycoproteins: G  protein of vesicular 
stomatitis virus and influenza hemagglutinin of influenza 
virus, in the basolateral and apical plasma membrane, respec- 
tively (Fuller et al., 1984; Rodriguez-Boulan and  Pendergast, 
1980). Further  studies  demonstrated that these envelope pro- 
teins, when expressed from transfected cDNA, were delivered 
to  the proper domains, independent of virus infection, sug- 
gesting that  the sorting signal is possessed by the envelope 
protein itself (Gottlieb et al., 1986; Roth et al., 1983; Stephens 
et al., 1986). Extensive studies using virus-infected MDCK 
cells established that  the domain-specific localization of these 
envelope glycoproteins was determined by their intracellular 
vectorial delivery of the protein  through  distinct  transporting 
vesicles to  the corresponding cell surface (Griffins and Si- 
mons, 1986; Matlin and Simons, 1984; Misek et al., 1984; 
Pfeffer et al., 1985; Rindler et al., 1985; Rodriguez-Boulan et 
al., 1984; Wandinger-Ness et al., 1990). Recently, these types 
of experiments have been extended to some endogenous do- 
main-specific membrane proteins and it has been revealed 
that these endogenous apical and basolateral proteins  are also 
intracellularly sorted to the proper membrane domain in 
The abbreviations used are: ER, endoplasmic reticulum; MDCK, 
Madin-Darby  canine kidney; DPPIV, dipeptidyl peptidase IV; FBS, 
fetal bovine serum; PBS, phosphate-buffered saline; SDS-PAGE, 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis; Tricine, 
N-[2-hydroxy-l,l-bis(hydroxymethyl)ethyl]glycine; Hepes, 4-(2-hy- 
droxyethy1)-l-piperazineethanesulfonic acid FITC, fluorescein iso- 
thiocyanate. 
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MDCK cells (Caplan et al., 1986;  Le Bivic et al., 1990; Lisanti 
et al., 1989a). 
We and others  have  used  alternative  approaches to study 
the biogenesis of the polarized cell structure. Early efforts 
have  led to the identification of several membrane  glycopro- 
teins which  are  present  in distinct membrane domains of  rat 
hepatocytes (Bartles et al., 1985;  Becker et al., 1986; Cook et 
al., 1983;  Hixson et al., 1983;  Hong  and Doyle, 1987;  Maurice 
et aL, 1985). We have focused our attention on one  protein 
that was identified as DPPIV (Hong et al., 1989a). cDNA 
cloning and in vitro translation have established that DPPIV 
is a membrane glycoprotein of type I1 orientation,  having a 
single  transmembrane  domain  of  about 23 amino  acid  residues 
with  only the NH2-terminal 6 residues  present on the cyto- 
plasmic  side of the membrane  and a large ectodomain (Hong 
and  Doyle, 1987,1988,1990; Otaga et al., 1989). Furthermore, 
the NH2-terminal 34-amino  acid  sequence  has  been  shown to 
be sufficient for both  translocating the downstream  polypep- 
tide across the ER membrane  and anchoring the polypeptide 
to the membrane in a type I1 orientation (Hong and Doyle, 
1990). This NH2-terminal signal/anchor sequence has been 
further  studied by site-directed mutagenesis (Hong and Doyle, 
1990). DPPIV has  been  localized to the apical cell surface  of 
various epithelial cells, including  hepatocytes  and epithelial 
cells of intestine and  kidney  tubules  (Fukasawa et al., 1981; 
Hartel et al., 1988;  Hong et al., 1989a). The polarized  localiza- 
tion of DPPIV in  various cell types suggests that the sorting 
signal is conserved  for DPPIV in  different tissues and  makes 
it an excellent marker for studying the biogenesis of apical 
membrane glycoproteins. Furthermore, in contrast with the 
type I membrane orientation of the envelope  glycoproteins of 
vesicular stomatitis virus and influenza virus, DPPIV is a 
type I1 membrane glycoprotein that may represent a family 
of  cellular  membrane  glycoproteins  with the proposed  type I1 
membrane orientation  and  similar  polarized  apical cel surface 
expression,  including  aminopeptidase N (Olsen et al., 1988), 
sucrase-isomaltase  (Hunziker et al., 1986), y-glutamyl trans- 
peptidase (Laperche et ab, 1986), and probably others (Se- 
menza, 1986). In this report, evidence is presented which 
suggests that DPPIV is mainly  intracellularly  sorted to the 
apical  cell  surface in transfected MDCK cells. 
EXPERIMENTAL  PROCEDURES 
Materials-Cell culture media, fetal bovine serum (FBS), dialyzed 
FBS, and geneticin (G418)  were obtained from Gibco Laboratories. 
['"SIMet (>lo00 Ci/mmol) and N a T  were from Amersham Corp. 
Goat anti-mouse IgG conjugated with FITC was from Behring Diag- 
nostics. s-NHS-biotin,  s-NHS-ss-biotin, and streptavidin-agarose 
were purchased from Pierce Chemical Co. Goat anti-mouse IgG- 
agarose, glutathione, and other reagents were from Sigma. Transwells 
were from Costar. Monoclonal antibodies against rat  DPPIV have 
been described before (Hong et al., 1989a; Mendrick and Rennke, 
1988) and were generous gifts from Dr. D. L. Mendrick (Harvard 
Medical School). 
Cell and Cell Culture-MDCK (strain 11) cells were kindly provided 
by  Dr.  K. Simons (European Molecular Biology Laboratory). MDCK 
and  the transfected cells (MDCKt) were  grown in Dulbecco's modified 
Eagle's medium supplemented with 10%  FBS, 100 milliunits/ml of 
penicillin, and 100  pg/ml of streptomycin. Medium was changed daily. 
Before use, the expression of the transgene was enhanced by culturing 
the cells overnight in medium containing 10 mM sodium butyrate. 
The tightness of cell monolayers grown on Transwells was checked 
by two different methods. The first one measures the impermeability 
to "H-inulin (Caplan et al., 1986). Briefly, medium containing 3H- 
inulin (10 pCi of 3H-inulin in 1 ml of medium) was added to the 
apical side, while the basolateral side received  cold  medium (1 ml). 
After incubation at 37 "C for 2 h, an aliquot was taken from the 
basolateral compartment and counted. Monolayers with less than 1% 
of the total radioactivity leaking into  the basolateral compartment 
were considered tight. Alternatively, the apical chamber was filled 
with medium to a level that was higher than  that in the basolateral 
compartment so that a hydrostatic pressure difference across the 
filter was generated. If the medium levels did not change after 
overnight culture, the monolayer was considered tight (Wessels et al., 
1989). Initial trials of 12 Transwells that were considered tight 
monolayers by the second method were confirmed by the first method. 
Therefore, the second method was used routinely to  test  the tightness 
of a monolayer. 
Construction of pRSNID4-Standard recombinant DNA tech- 
niques were  followed (Sambrook et al., 1989). Plasmid pG4Z/gpllO 
(Hong and Doyle, 1988) containing the full length cDNA for DPPIV 
was digested with restriction enzymes EcoRI and XhoI, and the 
digested DNA was blunt-ended. An EcoRI (blunt)-XhoI (blunt) DNA 
fragment of about 2.4 kilobases, containing the coding region  was gel 
purified. The plasmid vector pRSN was cut with XhoI, treated with 
alkaline phosphatase, and blunt-ended. The gel-purified 2.4-kilobase 
fragment was ligated to  the processed vector. Recombinant plasmids 
with the insert  in the right orientation were identified by restriction 
endonuclease digestion and named pRSN/D4. 
Transfection of MDCK Cells-2 X lo6 cells were plated onto T-25 
flasks. The next day, the cells were washed and 5 ml  of fresh medium 
was added to the flask. Next, 500 pl of CaPO,/DNA precipitate, 
containing 20  pg  of pRSN/D4 DNA, was added. After 4  h incubation 
at 37 "C, the cells were washed and shocked with 15% glycerol for 5 
min at room temperature. After washing, 5 ml of culture medium 
containing 100 p~ chloroquine was added and incubated at 37 "C for 
2-4 h. The chloroquine-containing medium was then replaced with 
medium without chloroquine. After incubation overnight, the cells 
were trypsinized and replated onto 2 T-75 flasks in medium with 500 
pg/ml G-418, which  was changed once every 3 days. 2 weeks later,  G- 
418-resistant colonies were  pooled and expanded. Routinely, around 
50-100 G-418-resistant colonies were obtained per transfection. 
Immunofluorescence Microscopy-Tight cell monolayers grown on 
filters  in Transwells were washed twice with PBS containing 1 mM 
CaCl, and 1 mM MgCl, (PBSCM). Monoclonal antibodies (ascitic 
fluid), diluted 1:lOOO in fluorescence dilution buffer (PBSCM with 
5% normal goat serum, 5% fetal bovine serum, and 2% bovine serum 
albumin, pH 7.6)  was added either to  the apical (1 ml) or basolateral 
(1.5 ml) chamber and incubated at  4 "C for 60-120 min. After washing 
6 times with PBSCM (5-10 min each), the cells were  fixed with 2.7% 
paraformaldehyde in  PBSCM at  4 "C for 2 h. The fixed cells were 
washed once with PBSCM, twice with PBSCM containing 50 mM 
NH4Cl, and then three times with PBSCM (5-10 min each). The 
washed cells were then incubated with goat anti-mouse IgG conju- 
gated with FITC (10 pg/ml) at 4 "C for 1 h and  then washed six times 
with PBSCM. The filter was mounted in 90% glycerol in PBS  (pH 
8.0) containing 1 mg/ml p-phenylenediamine, observed using the 
Axiophot microscope (Carl Zeiss) equipped with epifluorescence op- 
tics, and photographed with Kodak Tri-X 400 film. The exposure 
time was 10 and 30 s for apical and basolateral staining, respectively. 
Diluted monoclonal antibodies and goat anti-mouse IgG conjugated 
with FITC were spun down at 4 "C for 10 min (14,000 rpm in a 
microfuge) before use. 
Metabolic  Labeling of Cells-Cells  were washed once with PBSCM 
and  then incubated for 30 min at 37  "C in methionine-free medium 
containing  10% dialyzed FBS (labeling buffer). The cells were then 
pulse-labeled with [3sS]methionine (1 mCi/ml in labeling buffer), 
washed, and chased in medium containing excess cold methionine 
(100 mg/liter) for various times as detailed in each figure. For labeling 
cell monolayers grown on filters, 700 pl  of [35S]methionine containing 
labeling buffer was added to  the basolateral chamber, while the apical 
chamber received  600  pl of labeling buffer alone. 
Selective Cell Surface Zodination-Tight  cell monolayers were 
washed three times with ice-cold Hank's buffer containing 1 mM 
CaC12 and 1 mM MgC1, (HCM). 1 ml of HCM was added to  the side 
which  was not being iodinated. The side being iodinated received 1 
ml of HCM with 50 mM Tricine, 20 mM glucose,  30 pg/ml lactoper- 
oxidase, 1 mCi of Nalz5I, and 20 pg/ml glucose oxidase. Iodination 
was performed on ice for 45 min and stopped by repeated washing 
with medium containing 10% FBS. 
Selective Cell Surface Biotinyylatwn-This was performed as de- 
scribed (Le Bivic et al., 1989, 1990). Briefly, the tight cell monolayer 
was washed four times with PBSCM (5-10 min each) on ice. 1 ml of 
PBSCM was added to  the side that was not being biotinylated. The 
side being biotinylated received 1 ml of PBSCM containing  either S- 
NHS-biotin or s-NHS-ss-biotin (0.5 mg/ml diluted from 200 mg/ml 
stock in dimethyl sulfoxide). The hiotinylation was performed twice 
on ice (15-20 min each) and stopped by repeated washing with 
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PBSCM  containing 50 mM NH,CI and  medium  with 10% FBS. 
Immunoprecipitotion-Labeled cells  were scraped off from culture 
flasks  and washed first  with PRS, followed by a  hypotonic  solution 
(10 mM Hepes, pH 7.2, 0.25 M sucrose,  and 1 mM phenylmethylsul- 
fonyl fluoride). The cell pellet  was  then  extracted  on ice for 60 min 
in 1.2 ml of lysis huffer (25 mM Tris-HCI,  pH 7.8, 250 mM NaCI, 5 
mM EDTA, 1% Triton X-100, 1% bovine serum  albumin, 10% FBS, 
and 1 mM phenylmethylsulfonyl fluoride). For cell monolayers on 
filters,  the  filter  was washed with PRS, excised, and  then  extracted 
with lysis  buffer. Cell extracts  cleared of cell debris were precleaned 
by  incubating with  mouse serum-agarose a t  room temperature for 60 
min. The extract was then incubated with goat anti-mouse I&- 
agarose  precoated  with  monoclonal  antibodies  (equivalent of 2 pl  of 
ascitic  fluid) a t  room temperature for 90 min. The agarose  beads were 
washed  four  times with buffer  A (25 mM Tris-HCI, pH 7.8,500 mM 
NaCI, 0.5% Triton X-100, and 1 mM phenylmethylsulfonyl  fluoride), 
three times with buffer I3 (10 mM Tris-HCI, pH 7.8, and 150 mM 
NaCl). The precipitated  proteins were eluted by boiling  for 5 min in 
60 pl of SDS  sample  buffer  either  containing  8-mercaptoethanol  (for 
SDS-PAGE) or not  (for  further recovery of hiotinylated  proteins). 
Recovery of Riotinyhted Proteins-Briefly, the  immunoprecipitate 
was boiled in 80 p1 of SDS  sample  buffer  without  8-mercaptoethanol, 
diluted  with 1 ml of lysis  buffer, and  spun  down in a microfuge. The 
supernatant was then  incubated  with  streptavidin-agarose (100 pl of 
60% slurry) a t  4 "C for 1.5-2 h. After  washing  with  buffers  A  (four 
times)  and  B  (three  times),  the  proteins were eluted by boiling  for 5 
min  in 60 pl of SDS sample buffer. 
RESULTS 
Expression of DPPIV in Transfected MDCK Celk-Our 
previous attempts to express DPPIV in MDCK cells using 
several  expression  vectors were  unsuccessful. The vectors we 
tried include pMSG  (Pharmacia)  in  which  expression of the 
inserted gene  was controlled by the mouse mammary  tumor 
virus  enhancer  and  promoter,  CDM8  (Invitrogen),  in which 
the expression of the  inserted  gene was driven by the  human 
cytomegalovirus enhancer  and  early  promoter,  and  the  retro- 
virus  expression vector p W  (Korman  et al., 1987),  which has 
been used  successfully to  express  several foreign proteins  in 
MDCK cells (Breitfeld  et al., 1990; Hunziker  and  Mellman, 
1989; Mostov and  Deitcher, 1986; Mostov  et al., 1986, 1987; 
Wessels  et al., 1989). The reason  for  inefficient  expression of 
DPPIV  using  the p W  vector was unknown,  but  the recombi- 
nant  plasmid  DNA was unstable  in  bacterial cells (data  not 
shown).  The  SV40  early  promoter region has  also been  used 
to  express foreign proteins  in  transfected  MDCK cells (Roth, 
1989),  but  many colonies had  to be screened in order  to  obtain 
colonies that  expressed  sufficient  amounts of protein  for  the 
study of interest  (Puddington  et al., 1987).  Vectors  capable of 
high levels of expression in epithelial cells are, therefore, 
desired for understanding  the  signal  and  sorting  pathways in 
polarized  cells (Roth, 1989). This  has led us  to  the  construc- 
tion of an  expression  vector  (pRSN)  that  can  achieve high 
levels of expression in epithelial cells and other cell types 
without  the need for colony selection.' Studies  can  then be 
carried  out  on pooled transfectants,  avoiding colony variation. 
The cDNA for rat DPPIV was inserted into the multiple 
cloning  site of pRSN,  resulting in the  recombinant  plasmid, 
pRSN/D4 (Fig. l ) ,  in which the expression of DPPIV was 
driven by the  SV40  early  promoter region enhanced by the 
Rous  sarcoma  virus  enhancer.  MDCK cells  were transfected 
with pRSN/D4 DNA and stably transfected cells were se- 
lected. The experiments presented in this report were per- 
formed  on a pooled population of transfected cells (about 100 
colonies). To  assess  the  expression of DPPIV,  transfected  and 
control  MDCK cells were pulse-labeled with  ["SJmethionine 
for 30 min and  chased for  4  h. The cell lysate was immuno- 
S. H. Low, S. H. Wong. R. L. Tang, V. N. Subramaniam,  and  W. 
Hong,  unpublished  results. 
pRSN/D4 
FIG. 1. Schematic  drawing of the  recombinant plasmid 
pRSN/D4 for DPPIV  expression. A 2.4-kilohase DNA fragment. 
containing the coding region for rat DPPIV, was inserted into the 
multiple  cloning  site of the  plasmid  expression vector pRSN in the 
right  orientation  (not  drawn  to  scale).  The  expression f DPPIV was 
thus  driven by a DNA sequence composed of SV40 early promoter 
region and Rous sarcoma virus enhancer. The bacterial n m  gene, 
which was  controlled by the  SV40  early  promoter, served as  a selection 
marker for stably  transfected cells. The splice and  polvadenylation 
signals ( S  & A )  for hoth ne0 and DPI'IV expression were from the 
SV40 splice and polyadenylation regions. The AmpR gene and Ori 
from pRR.722 were employed for selecting bacterial cells harhoring 
the  plasmid  and for propagating  the  plasmid DNA in hacterial cells, 
respectively. 
--I10 
FIG. 2. Expression of DPPIV in transfected MDCK cells. 
Cells of 90% confluence in T-25 flasks were pulse-labeled  with ['.SI 
methionine for 30 min and chased for 4 h in medium containing 
excess cold methionine. DPPIV was immunoprecipitated from the 
cell lysate with  monoclonal antibodies  and analyzed. As shown, 
DPPIV of 110 kDa was  expressed in the  transfected cells ( M D C K , )  
hut  not  in  the  control cells ( M O C K ) .  
precipitated  with  monoclonal  antibodies  against  rat  DPPIV. 
The immunoprecipitated proteins were analyzed by SDS- 
PAGE and fluorography. As shown in Fig. 2, DPPIV was 
present in the transfected (MDCK,) but not in the control 
MDCK cells. MDCK cells transfected with the  pRSN vector 
were also  DPPIV  negative  (data  not  shown). 
DPPIV I s  Predominantly Localized to the Apical Cell Sur- 
face-We first  determined  the  surface localization of DPPIV 
in transfected cells by indirect immunofluorescence micros- 
copy. Tight cell monolayers grown on polycarbonate filters 
were incubated with  monoclonal antibodies  to  DPPIV  added 
either from the apical or hasolateral side of the filter, then 
further  incubated  with  FITC-conjugated goat anti-mouse IgG, 
and processed  for  microscopy and  photography. As shown  in 
Fig. 3, when the antibodies were added to the apical side, 
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I ; I ( ; ,  :<. ( ' ~ 1 1  surface 1oc.alimtion o f  l)I ' l ' l \ .  hy imnlunofluo- 
rescence microscopy. llIN'k, cells were grrnvn on  filters i n  'I'rans- 
wells. Monoclonal antihotlies to DI'PIY were added either t o  the 
apical ( A )  or 1)asolateral ( I 3 )  chamher of the 'l'ranswells, then  incu- 
bated with goat anti-mouse IgG conjugated with FlTC and further 
processed for fluorescence  microscopy. Exposure time  was 10 and :10 
s for A and H ,  respectively. DI'I'IV was predominantly present on 
the apical cell surface. 
FIG. 4. Surface  expression of DPPIV assessed by selective 
surface iodination. Tight monolayers of MIICK, cells grown on 
filters were surface-iodinated hy lactoperoxidase  either  on  the apical 
( A )  or the hasolateral (13) compartment. Laheled DPI'IV was in)- 
Innnoprecipitated and  analyzed. A majority of DPI'IV could he iodi- 
nat.erl from the apical cell surface. 
intense fluorescence signals were  ohserved on  the  apical cell 
surface ( A ) .  The expression levels  varied  from one cell to  the 
other.  Some cells  were almost  unstained  and served as int.ernal 
controls for the specificity of the fluorescence staining.  Much 
weaker  signals were detected  on  the  hasolateral cell surface 
(Fig. N 3 )  when the  antibodies were applied  to  the  hasolateral 
side. The  exposure  time for the  basolateral  staining was three 
times as long as that for the  apical  staining.  The  hasolateral 
signals varied also from one cell to  the  other.  When  control 
cells were used, only  background  staining was detected  (data 
not shown). The diverse spectrum of expression levels, as 
shown by the immunofluorescence staining, was consistent 
with  the  fact  that a pooled population of transfected cells  was 
used  for the  study. 
The  predominant  apical  surface localization of DPPIV was 
further studied and confirmed by lactoperoxidase-catalyzed 
cell surface  iodination  (Hong et al.. 1989h). When  iodination 
was performed on  the  apical cell surface, high levels of DPPIV 
were detected (Fig. 4.4). In  contrast,  almost  no  DPPIV was 
iodinated from the hasolateral side (Fig. 4R).  Fig. 4 is the 
representative  result of six independent  experiments. By cut- 
t.ing out  the gel pieces of the  radioactive  hand  and  determining 
the radioactivity, it was estimated that more than 95'; of 
DPPIV was present  on  the apical cell surface.  Taken  together, 
our  data  demonstrates  that  DPPIV is predominantly localized 
to  the  apical cell surface of transfected  MDCK cells. 
Biogenesis  and  Intracellular  Sorting of DPPIV-In  order to 
understand  the  kinetics of hiogenesis of DPPIV,  pulse-chase 
experiments were performed. Cells were pulse-laheled with 
[%]methionine for 20 min and chased for various times. 
Labeled DPPIV was immunoprecipitated from the cell lysates 
and analyzed. I t  has been previously shown that D P P I V  is 
synthesized as a 100-kDa precursor that is endoglycosidase 
H-sensitive. This precursor is then further processed in the 
Golgi apparatus into a 110-kDa product that is resistant to 
endoglycosidase H (Rattles et al., 1987: Hong et al., 1989h). 
As shown in Fig. 5, in pulse-labeled cells, only the 100-kDa 
precursor was detected. After a 20-min chase, the 110-kDa 
form was easily detected. About 80'; of the  100-kDa form was 
converted  into  the  110-kDa form within 40 min of chase. After 
a 60-min chase, almost all was converted into the 110-kDa 
form.  The  time required for W ' A  conversion of newly made 
DPPIV  into  the  110-kDa form was about 30 min.  Taking  into 
account  the  20-min  pulse, it was estimated  that it takes ahout 
40 min for newly synthesized  DPPIV to be transported from 
the ER to  the Golgi apparatus.  Turnover of DPPIV was hardly 
detected, even after a chase period of 22 h. These  kinetics of 
biogenesis are quite similar to that ohserved in the liver 
(Rartles et al., 1987) and is significantly faster than that in 
transfected  Chinese  hamster ovary  cells (Hong et al.. 1989b). 
After  estnhlishing  the  kinetics of biogenesis, we next turned 
our  attention  to  the  question of  how DPPIV was transported 
to  the  apical cell surface. To  dissect the  sorting  pathway,  the 
technique of radioactive  pulse-chase  and  surface-domain  se- 
lective hiotinylation  (Le Hivic d al., 1989, 1990; Matter ct al., 
1990) was  used. Tight cell monolayers were pulse-labeled with 
["'Slmethionine for 30 min and  chased  with medium contain- 
ing excess cold methionine for various times. At each chase 
interval, the cell monolayer was hiotinvlated with s-NHS- 
biotin on either the apical or the hasolateral side. DPPIV 
immunoprecipitated from the cell extract was incubated with 
streptavidin-agarose to recover the  hiotinylated  protein.  The 
hiotinylated protein was analyzed by SDS-PAGE and the 
metaholically labeled protein was detected hy fluorography. 
The  amount of radioactive DPPIV  that  can he hiotinvlated 
from either  side of the monolayer represents  the  amount of 
DPPIV which  was  delivered to the  corresponding cell surface 
from the Golgi apparatus. As shown in Fig. 6, no DPPIV 
could he detected  on  either cell surface  after a chase period of 
15 min (lanes 1 and 7) .  After 45 min of chase,  small  amounts 
of newly made  DPPIV were detected  on  the apical (lanr 2 )  
hut  not  the  hasolateral ( l a w  X )  surface  (prolonged exposure 
.- c , ~ c _ c _ c _ c " - -  
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FIG. 5.  Kinetics of DPPIV hiogenesis. MDC'K, cells p1atc.d nn 
T-26 flasks were pulse-Ial~eletl with I ' Slmrt  hioninr fnr 20 rnin nnd 
then  chased in medium rontaining  excess cold methionine f o r  varirnl.; 
times as indicated. I>Pl'IV was i m m ~ ~ n o ~ ~ r c c i ~ ~ i t n t e ~ l  lrom thr r ~ l l  
lysates and analyzed. The 100-kr)a I~antl represents the prrm~rsnr. 
while the 1 1 0 - k I h  form represents the mature prohct of l>l ' l ' lV. 
The conversion of the DI'I'IY prec~~rsnr t o  thr. mature form was 
efficient in the  transfected  cells. 
Rat DPPIV Expression in MDCK Cells 1339.5 
Riotinylation Apical Rasolateral 
A , El , 
“ -  c c c 2 1 ~ e = I - - L  
€ E €  E E 
Chaw z s g , , s z s g m , S  
1 z 3 4 s 6 7 x Y I I I I I I L  
FIG. 6. A majority of the DPPIV is directly  delivered  to  the 
apical cell surface. Tight cell monolayers grown on filters were 
pulse-labeled for 30 min and then chased in medium with excess cold 
methionine for the designated time. The cell surface was hiotinylated 
either from the apical or the  hasolateral chamber with s-NHS-biotin. 
DPPIV was immunoprecipitated from the cell lysates. Hiotinylated 
antigen was then recovered hv absorption of the precipitated proteins 
to the streptavidin-agarose and analyzed. 
revealed the  presence of a radioactive  hand in lane 8 with  an 
intensity much  less than  that in lane 2, data  not  shown). Ry 
90  min of chase,  the  apical cell surface  expression of newly 
made  DPPIV  has  almost  reached  the  maximal level, hut  the 
hasolateral  surface  expression  remains  much lower (ahout 20- 
fold less after  quantifying  the fluorography using  the  Kodak 
Bioimage). For all chase intervals, the amount of DPPIV 
delivered to  the  apical  domain was always  much  higher  than 
that  to  the  hasolateral  domain.  This  result  suggests  that  the 
majority (about 95%) of newly made DPPIV is vectorially 
sorted  to  the  apical cell surface, while a small  amount  (ahout 
5%) is missorted to the hasolateral surface. The prolonged 
existence (even after a 20-h chase) of similar levels of DPPIV 
on  the  basolateral  domain  supports  this  missorting  (the  vari- 
ation of the  hasolateral levels of DPPIV is partially  due  to 
the  variation in  t.otal [%]methionine  incorporation), al- 
though  transcytosis  to  the  apical cell surface of a fraction of 
these  missorted  proteins  cannot he ruled  out in the  present 
study.  The  time required  for 50% maximal cell surface  expres- 
sion is about 70 min.  Since  it  takes  around 40 min  to  transport 
DPPIV from the  ER  to  the Golgi apparatus,  the  time  required 
to transport DPPIV from the Golgi apparatus to the cell 
surface  is  thus  ahout 30 min.  These  results,  taken  together, 
suggest strongly  that  the  majority of newly made  DPPIV is 
targeted  directly  to  the  apical cell surface. 
DISCUSSION 
A Useful  System for Protein  Expression  in  Epithelial C e h -  
One  approach  to  define  the  intracellular  sorting  pathways of,
and  to reveal the  structural  details involved  in cellular  target- 
ing for  domain-specific proteins is to  express  normal,  mutated, 
and  chimeric  proteins in epithelial cells and  to  determine  the 
localization, biogenesis, and  sorting of the  expressed  proteins. 
This approach  has heen  used  successfully to  reconstitute  the 
cellular  trafficking of  IgA receptor in MDCK cells that  resem- 
bles  that in liver hepatocytes  and  to  define  some  important 
regions for the  normal  trafficking of the  receptor  (Rreitfeld 
et al., 1989; Mostov and  Deitcher,  1986).  Similarly,  using  the 
same  approach, it has been demonstrated  that  the lipid an- 
chor, for  glycosylphosphatidylinositol anchored memhrane 
proteins, is the signal  for preferential  apical cell surface 
localization of this  type of protein  (Brown et al., 1989; Lisanti 
et al., 1989h; Lisanti and Rodriguez-Roulan, 1990). Several 
other prot.eins have heen studied in this way (Graeve et al., 
1989, 1990; Jones et al., 1985; Roman  and  Garoff, 1986; Roth, 
1989). Although this  approach is useful, it requires relatively 
high levels of expression of the  protein of interest. Various 
expression  systems have  heen  used to  express foreign proteins 
in epithelial cells, hut expression vectors that can always 
achieve high levels of expression in epithelial cells are still in 
great  demand  (Roth,  1989). In t.his report. we have estahlished 
that a plasmid vector pRSN provides us  with a useful system 
for this type of study. The expression level of DI’PIV was 
high enough for studving its cellular localization and for 
dissecting  its  cellular  trafficking. We  have also achieved sim- 
ilar levels of expression of DPPIV in two other  estahlished 
epithelial cell lines: LLC-PK1 and Caco2 (data not shown). 
This vector can easily he used to  transfect  epithelial cells by 
standard  techniques,  rendering  co-transfection or colonv se- 
lection unnecessary  and  thus  greatly simplifying these  tlpes 
of experiments. Studies on cellular localization and sorting 
pathway  can he performed  on pooled transfectants, avoiding 
colony variation. 
Conservation of Putatioe Signnls for Tnrpt inp I’rotrins to 
Membrane  Domains of Epithelial  Cells--I)PPIV has heen 
localized to the apical cell surface of many epithelial cells, 
including highly differentiated  hepatocytes  (Fukasawa P t  01.. 
1981; Hartel et al., 1988: Hong et al., 19RSa). This  ohservation 
suggests  that  the  putative signal involved in the apical surface 
targeting of DPPIV is conserved in different cell types. \Vhen 
rat  DPPIV is expressed in MDCK cells. the  property of apical 
surface  expression is preserved, suggesting that  the signal is 
also conserved across species. In transfected Cam2 and LLC- 
PK1 cells, DPPIV is also mainly  present  on  the apical  plasma 
memhrane  (data not shown),  further  supporting  this  interpre- 
tation.  The  preferential localization of glycosylphosphati- 
dylinositol anchored proteins in the apical cell surface in 
epithelial cells (including  hepatocytes)  and  the  demonstration 
that  the glycosylphosphatidvlinositol anchor is sufficient for 
apical cell surface localization in heterogeneous MDCK cells 
suggest, similarly, that the targeting signal is conserved in 
various cell t-ypes of different species ( A l i  and Evans, 1990; 
Lisanti  and  Rodriguez-Roulan, 1990; \Vilson et 01.. 1990). 
Another  example of conservation of domain-specific  targeting 
is  the  receptor for IgA. The cellular localization as well as the 
exoc-ytotic and transc-ytotic trafficking of  IgA receptor in 
MDCK cells  mimic those  events in hepatocytes of intact liver 
(Rreitfeld et al., 1989; Mostov and  Deitcher, 1986). Further- 
more, the  rat  receptor for asialoglvcoproteins  has heen recon- 
stituted  on  the  hasolateral cell surface of MDCK cells, pre- 
serving  its  hasolateral  surface localization in liver hepatocytes 
(Graeve et al., 1990).  From  studies  carried out hy u s  and  other 
investigators, it is reasonahle  to conclude that  the signal for 
domain-specific  targeting is generally  conserved. 
Vectorial Targpting of DPI’IV to thP Apical I’lasrnn Mrrn- 
branp-The data  reported  here clearly  suggests that  the  pref- 
erential apical cell surface localization of DPPIV in trans- 
fected cells is accomplished hy a direct intracellular sorting 
of the majority of newly made proteins to the apical cell 
surface, similar to the endogenous memhrane proteins of 
MDCK cells and  the envelope  glvcoproteins of vesicular sto- 
matitis  virus  and influenza virus. This direct sorting pathway 
is in clear  contrast with the  sorting  pathway of DI’I’IV in rat 
liver as studied hy pulse chase, cellular fractionation, and 
immunoprecipitation. In the liver, it was suggested that 
DPPIV, as well as other  apical  proteins, was first delivered to 
the  hasolateral cell surface  and  then specifically retrieved and 
transcytosed to the apical cell surface (Hartles et 01.. 19R7). 
This raises the question of why the pathway of the IgA 
receptor in MDCK cells is similar to its endogenous  pathway 
in the hepatoc.ytes, while the  pthway of 1)I’I’IV in .MI>C‘K 
cells is different from that in hepatocytes. 
One possihle explanation is that  the  sorting machinery for 
apical proteins is located at different sites. in different cell 
13396 Rat DPPIV Expression in MDCK Cells 
types, as  has been speculated (Hubbard et al., 1989; Matter et 
al., 1990; Rodriguez-Boulan and Nelson, 1989; Simons and 
Wandinger-Ness, 1990): the sorting apparatus is localized 
intracellularly both  as part of the exocytotic and  the endocy- 
totic pathways in MDCK cells, and basolaterally and/or  in 
basolaterally derived endosomes in hepatocytes. In hepato- 
cytes, DPPIV is first delivered to  the basolateral surface by a 
default pathway and is then  sorted  through  transcytosis from 
the basolateral to  the apical surface. In MDCK  cells, DPPIV 
is sorted directly. The delivery of newly made IgA receptor to 
the basolateral surface in the MDCK cells and hepatocytes 
could be mediated by a signal that is dominating in the 
exocytotic pathway of this  protein. The apical sorting signal 
of the IgA receptor is either not active, or masked in the 
exocytotic pathway. Internalization unmasks the signal for 
apical delivery and  the active signal then  targets the endocy- 
tosed IgA receptor to  the apical cell surface through its  inter- 
action with the sorting machinery in  the endocytotic sorting 
pathway, both in liver and MDCK cells (Breitfeld et al., 1990; 
Casanova et al., 1990; Mostov et al., 1986,1987). The different 
pathways taken by DPPIV in the liver and MDCK cells is 
thus due to  the different localization of sorting machinery in 
these cell types. The difference between the IgA receptor and 
DPPIV could be because the IgA receptor has a dominant 
basolateral targeting signal, in addition to  an apical signal, 
while DPPIV  has only an apical targeting signal. 
Another possible explanation could be that, like the IgA 
receptor, the sorting pathway of DPPIV in MDCK cells 
mimics that in hepatocytes. This implies that  the majority of 
DPPIV is directly targeted to  the apical cell surface in hepa- 
tocytes. This is in conflict with the model proposed by Hub- 
bard  and her colleagues (Bartles et al., 1987; Hubbard et al., 
1989). This discrepancy could be the result of different meth- 
ods that were  used  for the dissection of the sorting pathway 
in different cell types. Thus, a direct sorting pathway of 
DPPIV in the liver should not be  excluded. Recently, evidence 
has been obtained that suggests the presence of a direct 
sorting pathway for apically localized proteins in hepatocytes 
(Ali and Evans, 1990). Further  studies using alternative  meth- 
ods in the liver and expression of more hepatocyte-derived 
and apically localized proteins in MDCK cells and other 
epithelial cell types will  be informative. 
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